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Abstract 

Although various superhydrophobic/superoleophilic porous materials have been 

developed and successfully applied to separate water-in-oil emulsions through size-

sieving mechanism, the separation performance is restricted by their nanoscale pore 

size severely. In this study, the wettability of underoil water on fumed silica was 

experimentally observed and underlying mechanism was investigated by carrying out 

theoretical analysis and molecular dynamic (MD) simulations. Further, we present a 

novel, facile and inexpensive technique to fabricate underoil superhydrophilic metal 

felt with micro pores for separation of water-in-oil emulsions by using SiO2 

nanoparticles (NPs) as building blocks. The as-prepared underoil superhydrophilic 

coating is closed-packed and ultrathin (the thickness is approximate hundreds of 

nanometers), as well as capable of being coated on metal felt with complex structures 



without blocking its pores. The as-prepared metal felt could adsorb water droplets 

directly from oil, which endowed it with the ability to separate both surfactant-free and 

surfactant-stabilized water-in-oil emulsions with high separation efficiency up to 99.7% 

even though its pore size is larger than that of the emulsified droplet. The filtration flux 

for separation of span 80-stabilized emulsion is up to ~4000 L ∙ m−2 ∙ h
−1

 . Its 

separation performance is better than most of the other traditional membranes and 

superwettable materials used for separation of water-in-oil emulsions. Moreover, the 

as-prepared metal felt retained outstanding separation performance even after 30 cycles 

of use, which demonstrated its excellent reusability and durability. Additionally, the 

distinctive wettability of underoil superhydrophilicity endued coated metal felt with 

superior anti-fouling properties towards crude oil. Overall, this study not only provides 

a new perspective on separating water-in-oil emulsion, but also gives a universal 

approach to develop special wettability materials. 

Key words: underoil superhydrophilic; fumed silica; nanoparticle; water-in-oil 

emulsion; oil water separation. 

INTRODUCTION 

 Oil-water mixtures generated from daily life and industrial production have caused 

not only serious environmental pollution, but also the waste of treasured resources.1-3 

Moreover, tiny amounts of water in fuel can condense on the metal surface of an engine 

to produce corrosion, which greatly shorten its service-lifetime and increase the risk of 

engine failure.4-6 Therefore, separation of oil/water mixtures has drawn growing 



interests of scientists and engineers all over the world. Conventional treatment 

techniques including gravity separation, centrifuge, air-flotation and biodegradation, 

have been employed to separate stratified oil/water mixtures.7-9 Nevertheless, the 

emulsified droplets in an emulsion usually have a diameter less than 20 μm and are 

extremely stable due to the adsorption of surfactant at the oil/water interface.10-12 They 

do not easily coalesce and cannot easily be separated by aforementioned traditional 

methods.  

 Recently, porous superwetting materials with pore size smaller than that of 

emulsified droplets in the emulsion have been developed to achieve the separation of 

emulsified oil/water mixtures by intercepting emulsified droplets.5 Generally, these 

materials are divided into two types: oil-blocking and water-blocking materials. The 

oil-blocking materials with superhydrophilic and underwater superoleophobic 

properties can allow the water to pass through a membrane while repelling the oil 

completely. The water-blocking materials with superoleophilic and underoil 

superhydrophobic properties can selectively filter oil from an emulsion. So far, diverse 

oil-blocking and water-blocking materials have been widely developed to separate 

various emulsions.13-16 For example, oil-blocking materials such as hydrogel-networks 

coated membranes,17 TiO2 glass fibrous membrane,18 zinc oxide coated membranes19 

and so forth,20, 21 have been widely applied to separate oil-in-water emulsions. Water-

blocking materials such as PPS microporous membranes,22 superhydrophobic 

1H,1H,2H,2H-Perfluuorodecyltriethoxysilane-paper@ZnO paper,23 

polydopamine/silver NPs modified poly(lactic acid) membranes24 and so forth,25, 26 



have also been commonly employed for the separation of water-in-oil emulsions. 

Considering the size distribution of emulsified droplets usually ranges from hundreds 

of nanometers to tens of micrometers, these materials normally possess nanoscale pore 

size in order to achieve effective interception of emulsified water droplets in water-in-

oil emulsions.27 These separation materials based on “size-sieving” effect greatly lower 

the separation flux and limit the separation efficiency, as well as increases energy 

consumption. Furthermore, their pores tend to be plugged by the accumulated 

emulsified droplets, which results in a sharp decline of flux within a few minutes. In 

addition, they are easily contaminated by oil due to their high affinity towards oil. These 

drawbacks limit their application severely in practical industry.28-31 Therefore, it is 

particularly needed to develop novel oil/water separators that do not rely on size-sieving 

separation. 

Very recently, it was found that underoil superhydrophilic materials that exhibit 

super-amphiphilic property in air and superhydrophilicity in oil could adsorb emulsified 

water droplets directly from water-in-oil emulsion.32, 33 During separation process, the 

emulsified water droplets would wet, coalesce and demulsify once contact the surface 

of underoil superhydrophilic materials. Therefore, separator with underoil 

superhydrophilic property can maintain efficient separation without greatly reducing its 

pore size. Although underoil superhydrophilic materials possess unique advantages 

over “water-blocking” superwetting materials in terms of separation performance and 

anti-fouling properties, it is still difficult to fabricate underoil superhydrophilic surfaces 

due to the fact that the oil phase tends to be trapped into the amphiphilic nano/micro 



structures and results in the enhancement of water-repellency.34 Lately, we accidentally 

found that fumed silica exhibits a unique underoil superhydrophilic property, which 

make it a promising candidate of developing underoil superhydrophilic surfaces. In this 

study, the wettability of underoil water on fumed silica was experimentally observed 

and underlying mechanism was investigated by carrying out theoretical analysis and 

MD simulations. To our knowledge, this is the first report on the underoil wettability of 

silicon dioxide. 

 Further, we presented a simple, universal and cost-efficient method to fabricate 

underoil superhydrophilic metal felt based on SiO2 NPs. The as-prepared SiO2 coating 

is ultrathin and exhibits uniform coverage. The as-prepared metal felts show both 

superamphiphilicity in air and superhydrophilicity in oil, as well as excellent anti-

fouling properties towards crude oil. Besides, the as-prepared metal felts could adsorb 

water droplets from oil and achieve rapid and highly efficient separation of diverse 

surfactant-free and surfactant-stabilized water-in-oil emulsions under a solely gravity 

driver. Additionally, the as-prepared metal felts exhibited superior recyclability and 

outstanding long-term stability. 

METHODS 

Experimental Materials 

Stainless-steel metal felts were available commercially. EVO-STIK Serious Glue was 

obtained from Bostik Co. Ltd. Fumed silica having an average diameter of 16 nm was 

purchased from Degussa, Germany. Diesel was obtained from a local garage. Crude oil 



was obtained from Sinopec Group Co. Ltd, China. All other chemical reagents 

including oils and organic solvents used in this work were of analytical grade. All the 

aqueous solutions were prepared using deionized water. 

Preparation of underoil superhydrophilic coating 

Firstly, the metal felt was ultrasonically washed by orderly immersed in acetone, 

ethanol and deionized water for 10 minutes to remove contaminants. 1g of EVO-STIK 

Serious Glue was added into 99 g of ethanol and the solution was electromagnetically 

stirred for 30 minutes to obtain a diluted glue solution. 4 g of fumed silica was placed 

into 96 g of deionized water and the solution was mechanically stirred for 2 hours and 

ultrasonically dispersed for 10 minutes to obtain a SiO2 colloidal suspension. Secondly, 

the cleaned metal felt was dipped in diluted glue solution for 10 minutes and then dried 

at 80 ℃ to obtain glue modified metal felt. Subsequently, the glue modified metal felt 

was immersed into SiO2 colloidal suspension for 10 minutes, then rinsed by deionized 

water and dried at 80 ℃. Finally, the coated metal felt was annealed at 550 ℃ for 2 

hours to remove the glue and immobilize the SiO2 NPs onto the felt surface. 

Water-in-oil emulsion separation experiment 

In order to test the separation performance of the as-prepared metal felts, various 

surfactant-free and surfactant-stabilized water-in-oil emulsions were prepared. 1 g of 

water was added into 99 g of various oils (diesel, petroleum ether, decane and N-

tetradecane) and then ultrasonically stirred for 5 minutes to prepare surfactant-free 



water-in-oil emulsions. 0.02 wt.% of Span 80 was added into surfactant-free water-in-

oil emulsions so as to a prepare surfactant-stabilized water-in-oil emulsion. A 

homemade device was applied during oil/water separation tests in which the as-

prepared metal felts were fixed at the end of a glass tube. A silicone-sealing ring was 

installed between the felt and the glass tube in order to guarantee the stability of the 

seal. The separation efficiency was calculated by the following equation (1): 

η =
𝐶0−𝐶1

𝐶0
× 100%         (1) 

 Where η is the separation efficiency, 𝐶0 is the water content in original water-in-

oil emulsions (ppm) and 𝐶1 is the water content in the collected filtrate (ppm). 

Characterizations 

The surface topography and chemical components were examined by scanning electron 

microscope (SU8220, HITACHI) and energy dispersive spectroscopy (EDS, Bruker). 

The pore size distributions and porosity of raw and coated metal felt were measured by 

means of a Mercury Porosimeter ( Autopore IV 9510, Micromeritics Instruments 

Corporation, USA). The surface wettability property of pristine and coated metal felt 

was evaluated by measuring their liquid contact angle via OCA 25 (Data-Physics, 

Germany; water or oil droplet with volume of 4 μL were used). The water content in 

collected filtrates was measured by a Karl Fischer Titrator (TP653, TimePower Measure 

and Control Equipment Co. Ltd). The size dispersion of water droplets in oil was 

measured using a Zetasizer Nano ZS (Malvern). The microscope images of water-in-

oil emulsions were recorded using an inverted microscope. 



Molecular dynamics simulations 

For the simulations, a model composed of water on oil-wetted SiO2 was constructed as 

shown in Figure S1. The lateral directions of the model were periodic with dimensions 

of Lx = Ly = 6 nm. The vertical direction of the model was non-periodic and the thickness 

of SiO2, oil (hexane C6H14 was used as an example) and water were 2 nm, 1 nm and 1 

nm, respectively. Quartz (100) surface was used to model SiO2 with hydroxyl (-OH) or 

hydro (-H) groups as a fixed substrate, whose parameters were taken from Lopes et 

al.’s research35. The water model used the rigid extended simple point charge potential 

(SPC/E)36. The oil model is C6H14 molecule from Moultos et al.’s research37, which 

was also kept rigid during the simulation. The electrostatic interaction was modeled 

using Coulomb’s law, while the dispersion and repulsion forces were based on the 

Lennard−Jones (L−J) potential. More details on the geometrical and force field 

parameters are described in supporting information Table S1 to S3. All simulations 

were performed in the NVT (fixed number of particles, volume, and temperature) 

ensemble at a temperature of 300 K by LAMMPS38. The simulation time was 10 ns 

with an integration time step of 1 fs, and the samples of the trajectories were stored 

every 0.1 ns. 



Results and Discussion 

Underoil wettability of SiO2 NP plate 

 

Figure 1. (a) Experimental snapshots and (b) corresponding illustration of a water 

droplet spread on the SiO2 NP plate that was immersed in hexane environment.  

The wettability of underoil water on silicon dioxide was experimentally observed 

and underlying mechanism was investigated by carrying out theoretical analysis and 

MD simulations. Pure SiO2 NP plates were prepared through a Tablet Press Machine 

(experimental parameters: 0.1 g of fumed silica; 5 KN of load; 30 s of holding time). 

As displayed in Figure S2, the as-prepared SiO2 NP plate was consisted of abundant 

SiO2 NPs and exhibited a smooth surface appearance at micro level. The wetting 

process of an underoil water droplet on SiO2 NP plate was recorded as shown in Figure 

1a and Movie S1. It can be observed that the water droplet was fully adsorbed by the 

plate within 60 s, exhibiting an underoil superhydrophilic feature. As illustrated in 

Figure 1b, the SiO2 NP plate surface was completely wetted by oil (hexane as an 

example) and the gaps between SiO2 NPs were filled with oil when being immersed in 

oil. However, during the process of water contacting SiO2 NP plate, these oils on SiO2 



surface were replaced by water gradually until realizing a thermodynamic equilibrium 

state. 

When a water droplet stays stably on an ideal smooth solid surface that was 

immersed in an oil environment, a thermodynamic equilibrium would be achieved 

among oil/water/solid three-phase interface as shown in Figure S3. As described by 

Young’s equation:  

cos 𝜃𝑤𝑜 =
𝛾𝑠𝑜−𝛾𝑠𝑤

𝛾𝑤𝑜
       (2) 

 Where 𝛾𝑠𝑜  is the interfacial energy at solid/oil interface, 𝛾𝑠𝑤  is the interface 

tension at solid/water interface; 𝛾𝑤𝑜 is the interface tension at water/oil interface. 𝜃𝑤𝑜 

is the underoil water contact angle on ideal flat solid surface.  

For an underoil superhydrophilic surface, 𝜃𝑤𝑜 ≤ 90° . Therefore, 𝛾𝑠𝑜  must be 

larger than 𝛾𝑠𝑤, which means the solid surface has stronger affinity to water than oil, 

thus the oil would be replaced by water automatically.  

To further reveal the underlying mechanism of the strong affinity between SiO2 

and water, we performed MD simulations with water on oil (hexane)-wetted SiO2. 

Figure 2a to c show the snapshots in the wetting process of water on oil-wetted SiO2 

with hydroxyl groups (-OH) (The dynamic wetting process is shown in Movie S2). The 

results indicate that water molecules first penetrate into the oil layer, subsequently start 

to wet the SiO2 surface and finally fully replace oil, which agree well with our 

experimental observations. When the hydroxyl groups (-OH) of SiO2 are replaced with 

hydro groups (-H), snapshots in the wetting process of water on oil-wetted SiO2 are 

drawn in Figure 2d and e. It demonstrates that the water molecules can only partially 



replace oil when the functional groups of SiO2 are changed. Therefore, it can be 

concluded that the strong affinity between SiO2 and water should be attributed to the 

high surface energy of SiO2 and the abundant surface polar group (-OH). 

To quantitatively analyze the wetting process of water on SiO2 to replace oil, the 

ratio of adsorbed water and oil molecules (within 3 Å distance from SiO2 top surface) 

during wetting process are recorded in Figure 2f. Red and blue continuous lines 

represent the ratio of water and oil on SiO2 with hydroxyl groups, respectively. It 

indicates that water molecules wet SiO2 to replace oil dramatically in ~3 ns and then 

occupy ~80% of the SiO2 surface. After that, the replacement of water with oil slows 

down and gradually realizes 100% in ~9 ns. However, when the hydroxyl groups (-OH) 

of SiO2 are replaced with hydro groups (-H), the ratio of adsorbed water molecules can 

only go up to ~40% in 10 ns (red dashed line) and there still exists ~60% of SiO2 

surfaces that are wetted by oil, corresponding to the snapshot in Figure 2e. Therefore, 

the strong affinity between SiO2 coated metal felt and water could be attributed to the 

high surface energy of SiO2 and the abundant surface hydroxyl groups (-OH). Moreover, 

when a water droplet contacted the coated metal felt that was steeped in oil, the 

hydroxyl groups help the water to further wet on the surface because of the formation 

of hydrogen bonds. 



 

Figure 2. (a–c) Snapshots in the wetting process of water on oil-wetted SiO2 with 

hydroxyl groups (-OH). (d, e) Snapshots in the wetting process of water on oil-wetted 

SiO2 with hydro groups (-H). Blue, purple and orange spheres represent the Si, O and 

H atoms of SiO2, respectively. Green and white spheres represent the C and H atoms of 

oil, respectively. Red and yellow spheres represent the O and H atoms of water, 

respectively. (f) Ratio of adsorbed water and oil molecules during wetting process. Red 

and blue continuous lines represent the ratio of water and oil on SiO2 with hydroxyl 

groups, respectively. Red dashed line represents the ratio of water on SiO2 with hydro 

groups. 



Surface morphology and chemical component of SiO2 NP coated metal 

felt 

 

Figure 3. Schematic diagram of fabrication process for SiO2 NPs modified metal felt  

As illustrated in Figure 3, we fabricated glue and SiO2 NPs coated metal felt 

though a two-step strategy of dipping in diluted glue solution and NP suspension, 

respectively, which has been demonstrated to be a facile method of uniformly 

modifying NP coatings onto 3D materials.39 The glue was used to adsorb NPs onto the 

metal fibers and form uniform coatings. After that, the glue was removed by heating 

treatment because it contains hydrophobic compounds that would reduce the affinity of 

as-prepared coating toward water. Meanwhile, annealing treatment could enhance the 

bonding between NP coating and substrate. 40, 41 As shown in Figure 4a, it can be seen 

that the raw metal felt is made up of nonwoven micro metal fibers with an average 

diameter of 7.91 μm. The high-resolution SEM images indicate that the metal fibers 

have a neat and smooth surface (Figure 4(b, c)). After coated with SiO2 NPs, the 

obtained metal fibers were fully wrapped by a dense SiO2 coating, and exhibited 



hierarchical micro-/nano-structures as shown in Figure 4(d-f). The diameter of metal 

fiber was counted based on its SEM images and using Nano Measure Software. The 

coated metal fibers displayed an average diameter of 8.49 μm, indicating the thickness 

of formed coating was at the submicron scale (coating thickness is ~290 nm). 

Furthermore, the pore size distributions and porosity of raw and coated metal felt were 

measured by means of Mercury Porosimeter as shown in Figure S4. The results show 

that the raw and coated metal felt exhibited similar pore distributions with average 

equivalent pore diameter of ~11 μm. After coated with the SiO2 coating, the porosity of 

metal felt slightly decreased from 71% to 65.3%, which indicated that the formed 

coating was ultrathin and the SiO2 NPs did not block the pores of the metal felt. EDS 

measurements were carried out to examine the chemical component of raw and coated 

metal felt. As shown in Figure 4(g, h), the results demonstrated that the main 

components of raw metal felt are Fe, Cr and Ni elements, which is consistent with 

previously reported publications.8 Extra Si and O elements were detected in the coated 

metal felt and exhibited an atomic ratio of ~1: 2, which confirmed the coating is 

composed of silicon dioxide. As shown in Figure S5, the FTIR spectroscopy reveals 

that plenty of hydroxyl appeared on the metal felt after being coated with SiO2 NPs. In 

addition, the distribution of Si element in coated metal felt further confirmed that the 

as-prepared SiO2 coating shows excellent uniformity and uniform coverage (Figure 4i). 



 

Figure 4. (a-c) SEM images of raw metal felt; (d-f) SEM images of SiO2 coated metal 

felt; (g) EDS spectrum of raw metal felt; (h) EDS spectrum and (i) the Si element 

mapping of as-prepared metal felt. 

Wettability of SiO2 NP coated metal felt 

As shown in Figure S6a, the pristine metal felt was hydrophobic with a static water 

contact angle of ~125°. After annealing treatment, the metal felt was oxidized and 

became superhydrophilic (Figure S6b). It can be seen that the glue exhibited 

hydrophobic property, which has to be removed in order to improve the affinity of 

coating towards water (Figure S6(c, d)). After modification with SiO2 NPs, the metal 

felt transformed from hydrophobic to superhydrophilic and superoleophilic in 

atmosphere (Figure 5(a, b)). Moreover, as shown in Figure 5c, the as-prepared felt 



exhibited a superhydrophilic property in oil while the metal felts without SiO2 coating 

were hydrophobic in oil (Figure S6). A water droplet quickly spread on the as-prepared 

felt immersed in diverse oil within one second (Figure 5d, Figure S7 and Movie S3), 

demonstrating the excellent underoil superhydrophilicity of the SiO2 coated metal felt.  

 

Figure 5. Wetting behavior of the as-prepared metal felt towards (a) water in air, (b) 

oil in air, (c) water in oil. (d) The snapshots of a water droplet wets and spreads on as-

prepared metal felt surface that was pre-immersed in oil phase.  

Separation of water-in-oil emulsions 

The unique underoil superhydrophilicity of SiO2 coated metal felt endowed it with the 

capability to capture water from an oil environment. As shown in Figure 6, a water 

droplet was placed at the bottom of a transparent box filled with oil. When the coated 

metal felt surface contacted the water droplet in oil, the water droplet spread out on the 

surface immediately and finally was fully removed from the oil (Movie S4).  



 

Figure 6. (a1-a4) The adsorption process of an underoil water (dyed with methyl 

blue) droplet from oil (diesel) by using as-prepared metal felt. 

 Further, the as-prepared metal felt with underoil superhydrophilic properties could 

separate diverse water-in-oil emulsions by adsorbing emulsified water from emulsions. 

In order to evaluate its separation performance, an experimental setup was built as 

shown in Figure 7a. During the separation process, emulsions were poured onto the as-

prepared metal felt to accomplish separation (as shown in Movie S5). Figure 7(b-d) 

shows the separation results of water-in-diesel emulsion. As displayed in Figure 7(b, c), 

the original water-in-diesel emulsion was extremely turbid and contained plenty of 

emulsified water droplets whose size distribution ranges from hundreds of nanometers 

to tens of micrometers. After permeating through the as-prepared metal felt, the 

collected filtrate become clear and transparent, and there was no emulsified water 

droplets could be observed by an optical microscope. Moreover, Figure 7d reveals that 

only DLS signals at several nanometers could be detected in collected filtrate, which 

indicates the as-prepared metal felt with micro-scale pores could even “intercept” 

nanoscale-sized emulsified droplets, exhibiting excellent separation performance. 



 

Figure 7. (a) Experimental setup for water-in-diesel emulsion separation. (b) The 

digital images, optical microscope images, and water droplets size distribution of 

water-in-diesel emulsion (c) before and (d) after filtration.   

 The separation performance of as-prepared metal felt was further evaluated 

quantificationally by measuring the separation flux, water content in filtrate and 

calculating corresponding separation efficiency. As displayed in Figure 8a, the as-

prepared metal felt could effectively separate various surfactant-free water-in-oil 

emulsions including water-in-diesel, water-in-petroleum ether, water-in-decane and 

water-in-N-tetradecane with separation efficiency above 99.6% and the water content 

in filtrates less than 50 ppm. Furthermore, the as-prepared metal felt exhibited a high 

separation efficiency up to 99.4% for span 80-stabilized water-in-oil emulsion (Figure 

8b). Moreover, the filtration flux of as-prepared metal felt was calculated by the 

following equation: 𝐿 = 𝑉
𝑆𝑡⁄ , where 𝑉 is the volume of collected filtrate, 𝑆 is the 

filtration area, 𝑡  is filtration time and the fluxes (𝐿 ) for diverse emulsions were 

calculated for one minute. Figure 8c shows that the separation fluxes for span 80-

stabilized water/diesel, water/petroleum, water/decane, and water/N-tetradecane 



emulsions were about 780 L ∙ m−2 ∙ h
−1

  , 3847  L ∙ m−2 ∙ h
−1

 , 1476  L ∙ m−2 ∙ h
−1

 , 

861 L ∙ m−2 ∙ h
−1

, respectively, which is ten times higher than that of the traditional 

membrane, as well as much larger than that of the other superwetting oil/water materials 

as summarized in Table 1. The reason of different types of water-in-oil emulsions 

exhibited very different flux can be explained by classic Hagen-Poiseuille theory as 

following:42 𝐽 = 𝜀𝜋𝑟2∆𝑃 8𝜇𝐿⁄  , where 𝐽  is filtration flux; ε  and 𝑟  represent the 

porosity and pore size of membrane, respectively; ∆𝑃  represents the pressure 

difference across membrane; L represents the thickness of membrane and 𝜇  is the 

viscosity of liquid. As predicted by Hagen-Poiseuille theory, the separation flux of 

water-in-oil emulsions is inversely proportional to the viscosity of oil, which is 

consistent with the experimental results. Moreover, compared to the other filtration 

materials, fumed silica coated metal felt exhibited superior separation flux was mainly 

attributed to the feature that it possesses micro-scale pores. 

Besides, the effect of the thickness of the filter on its separation performance was 

investigated by taking span 80-stabilized water-in-diesel as an example. As exhibited 

in Figure 8d, it can be clearly seen that the separation efficiency of the emulsion 

gradually increased from 96.6% to 99.6% with the increase of thickness of the filter 

(from 0.44 mm (one layer of metal felt) to 2.2 mm (five layers of metal felt)), and the 

water content in collected filtrates decreased from 402 ppm to 50 ppm. This is because 

that thicker filter has a larger effective separation area, which increased the chance of 

collision between emulsified water droplets and metal fibers. In addition, the separation 

flux of the emulsion decreased from 1733 L ∙ m−2 ∙ h
−1

 to 686 L ∙ m−2 ∙ h
−1

 (Figure 



S8), which is consistent with the prediction of Hagen-Poiseuille theory in which the 

filtration flux of porous material is inversely proportional to its filtration thickness.  

 

Figure 8. The separation efficiency and water content in the collected filtrates for (a) 

surfactant-free and (b) span 80-stabilized water-in-oil emulsions. (c) The separation 

fluxes of diverse span 80-stabilized water-in-oil emulsions. Experimental parameters: 

the thickness of filter is 1.76 mm; the separation process is driven by solely gravity. 

(d) The relationship between the thickness of filter and its separation performance, 

span 80-stabilized water-in-diesel was took as an example.  

Table 1. Comparison of diverse filtration materials for separation of surfactant-stabilized water-in-

oil emulsion. 

Materials  Wettability  Emulsions Driver Flux 

/L m-2 h-1  

Ref  



CNFs1-PDMS2 

inlay-gated SSM3 

Superhydrophobic 

/superoleophilic 

Span 80-water-in-

toluene 

Gravity 984 [43]  

PVDF membrane  Superhydrophobic 

/superoleophilic 

Span 80-water-in-

petroleum ether 

Gravity 700-100 [12]  

PVDB4/PVDF 

Membrane   

Superhydrophobic 

/superoleophilic 

Span 80-water-in-

diesel 

0.1MPa 500-600 [44]  

Co-PDMS@ZIF5-

8/MWCNT6 

Superhydrophobic 

/superoleophilic 

Span 80-water-in-

toluene 

Gravity 170 [45]  

Polypropylene 

membrane 

Superhydrophobic 

/superoleophilic 

Span 80-water-in 

kerosene 

0.09 MPa 689 [46]  

Desert sand Underoil 

superhydrophilic 

Span 80-water-in-

diesel 

Gravity 400 [32]  

SiO2@metal felt Underoil 

superhydrophilic 

Span 80-water-in-

petroleum ether 

Gravity 3847 This 

work 

Note: CNFs1=Carbon nanofibers; PDMS2=Polydimethylsiloxane; SSM3=Stainless steel mesh; 

PVDB4=Polydivinylbenzene; ZIF5=Zeolitic imidazolate framewor; MWCNT6=Multiwalled carbon 

nanotubes. 

The dynamic contacting process between emulsified droplets and as-prepared 

metal felt was observed by an inversed microscope as shown in Figure S9 (Movie S6). 

When the as-prepared metal felt was immersed in water-in-diesel emulsion, the 

emulsified droplets moved toward the metal felt and were immediately adsorbed by the 

fibers once contacted the metal felt’s surface. Therefore, as illustrated in Figure 9a, the 



separation mechanism can be inferred as following: firstly, when contacting with water-

in-oil emulsion, the as-prepared metal felt was fully wetted by the oil phase due to its 

superamphiphilic property in air, which could allow the oil phase permeate through 

freely. Secondly, the emulsified water droplets replaced oil molecules and spread on the 

metal fibers when moving toward the as-prepared metal felt. Finally, the adsorbed water 

film on fibers could further attract and coalesce with other emulsified droplets, thus 

achieving the efficient separation of water-in-oil emulsions. Moreover, a water film 

would form on metal felt with the increasing adsorption of emulsified water droplets, 

which would block oil phase from going through metal felt, meaning the metal felt has 

achieved a saturated state and cannot adsorb more emulsified droplets. However, the 

metal felt can continue to adsorb emulsified droplets after simple cleaning. 

The reusable separation performance of as-prepared metal felt was evaluated by 

using span 80-stabilized water-in-diesel as an example. Each separation cycle lasted 10 

minutes, and then the felt was ultrasonically washed by absolute ethanol for 5 minutes. 

After completely dried in oven at 80 ℃, the felt was used for the next separation cycle 

test. As exhibited in Figure 9b, it can be clearly observed that the separation efficiency 

always maintained higher than 99.4% and water content in filtrates always kept less 

than 80 ppm even after 30 cycles of usage, which demonstrated the excellent reusability 

of as-prepared metal felt. Moreover, there is no obvious decline of filtration flux during 

the reusability measurement, which indicated the as-prepared metal felt exhibits 

splendid stability for filtration flux when separating water-in-oil emulsions (Figure 9c). 



 

Figure 9. Reusable performance of as-prepared metal felt by taking span 80-stabilized 

water-in-diesel emulsion as an example. (a)Illustration of recycle of as-prepared metal 

felt for separating water-in-oil emulsion. (b) Relationship between separation 

efficiency & water content in filtrate and number of cycles. (c) The separation flux 

stability after 30 cycles of usage.    

Anti-fouling property 

 A superhydrophilic surface with excellent water affinity is a promising candidate 

to prepare anti-fouling surfaces. As exhibited in Figure 10 (a-b), the as-prepared metal 

felt showed an underwater oil contact angle of 160° and a small underwater oil sliding-

angle of 1°. Moreover, the oil could detach from the surface after serious deformation 

under external pressure (Figure 10c). The results demonstrated that the as-prepared 



metal felt exhibited excellent underwater superoleophobic property. Further, anti-crude 

oil fouling tests were carried out to evaluate the self-cleaning performance against crude 

oil of SiO2 modified metal felt. As shown in Figure 10d, a jet of crude oil could bounce 

off the felt surface that was immersed in water, without leaving any oil residual. When 

the SiO2 modified metal felt was dipped into crude oil/water mixture, the felt could 

maintain clean in water without any adhesion of floating crude oil (Figure 10e). It is 

truly believed that the unique underoil superhydrophilic property of SiO2 modified 

metal felt endows it with superior anti-fouling capability compared to other underwater 

superoleophobic materials. 

 

 Figure 10. (a) Underwater oil contact angle and (b) sliding angle of as-prepared 



metal felt. (c) The approach, contacting and detaching process between an underwater 

oil droplet and as-prepared metal felt. (d) A jet of crude oil bouncing off the as-

prepared metal felt immersed in water. (e) The as-prepared metal felt was dipped into 

crude/water mixture. 

CONCLUSION 

 In summary, the wettability of silicon dioxide in oil environment was 

experimentally observed and underlying mechanism was revealed by performing MD 

simulations. Further, we have developed a novel, simple and low-cost technique to 

fabricate an underoil superhydrophilic surface by using SiO2 NPs as building blocks. 

The as-prepared underoil superhydrophilic coating is closed-packed and ultrathin (the 

thickness is approximate hundreds of nanometers). This strategy enables coatings on 

complex substrates. The as-prepared metal felt could adsorb water droplets from oil, 

which endowed it the ability to separate water-in-oil emulsions. The as-prepared metal 

felt could separate both surfactant-free and surfactant-stabilized water-in-oil emulsions 

with high separation efficiency and flux though its pore size is larger than that of 

emulsified droplet. Its separation performance is better than most of other emulsion 

separation materials that are based on a size-sieving mechanism. Moreover, the as-

prepared metal felt retained outstanding separation performance after even 30 cycles of 

use, which demonstrated its excellent reusability and durability. Additionally, the 

distinctive wettability of underoil superhydrophilicity endowed it superior anti-fouling 

property. This study not only provides a new perspective on separating water-in-oil 



emulsion, but also a universal approach to develop special wettability materials. 
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